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Abstract

Background: Acute lung injury (ALl) is a common lung disorder that affects millions of people every year. The infiltra-
tion of inflammatory cells into the lungs and death of the alveolar epithelial cells are key factors to trigger a pathologi-
cal cascade. Trophoblast stem cells (TSCs) are immune privileged, and demonstrate the capability of self-renewal and
multipotency with differentiation into three germ layers. We hypothesized that intratracheal transplantation of TSCs
may alleviate AL

Methods: ALl wasinduced by intratracheal delivery of bleomycin (BLM) in mice. After exposure to BLM, pre-labeled
TSCs or fibroblasts (FBs) were intratracheally administered into the lungs. Analyses of the lungs were performed for
inflammatory infiltrates, cell apoptosis, and engraftment of TSCs. Pro-inflammatory cytokines/chemokines of lung tis-
sue and in bronchoalveolar lavage fluid (BALF) were also assessed.

Results: The lungs displayed a reduction in cellularity, with decreased CD45" cells, and less thickening of the alveolar
walls in ALI mice that received TSCs compared with ALl mice receiving PBS or FBs. TSCs decreased infiltration of neu-
trophils and macrophages, and the expression of interleukin (IL) 6, monocyte chemoattractant protein-1 (MCP-1) and
keratinocyte-derived chemokine (KC) in the injured lungs. The levels of inflammatory cytokines in BALF, particularly
IL-6, were decreased in ALI mice receiving TSCs, compared to ALl mice that received PBS or FBs. TSCs also significantly
reduced BLM-induced apoptosis of alveolar epithelial cells in vitro and in vivo. Transplanted TSCs integrated into the
alveolar walls and expressed aquaporin 5 and prosurfactant protein C, markers for alveolar epithelial type | and Il cells,
respectively.

Conclusion: Intratracheal transplantation of TSCs into the lungs of mice after acute exposure to BLM reduced pulmo-
nary inflammation and cell death. Furthermore, TSCs engrafted into the alveolar walls to form alveolar epithelial type |
and Il cells. These data support the use of TSCs for the treatment of ALI
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Background

Acute lung injury (ALI) is a common and devastat-

ing respiratory disorder, with an annual incidence of

86.2 per 100,000 people, and the hospital mortality rate
< . THCTTEy Sy for all patients is close to 40% [1, 2]. There are 190,600
‘D?\;fiso?wogf ;Slcnfé:a‘rl;@ja)géstxcé\aé\a/i A;e;cine, Department acute cases in the USA each year, which is associated
of Medicine, Brigham and Women's Hospital, 75 Francis Street, Boston, with 74,500 deaths and 3.6 million hospital days [1,2]. In

MA 02115, USA patients who survive ALJ, their long-term quality of life is
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severely affected. Thus, there is an unmet need for better
treatment options for patients with ALI [1, 2]. The causes
of ALI are diverse, including lung infections of various
pathogens, sepsis, harmful chemicals, and antineoplas-
tic therapies. One such therapeutic agent is bleomycin
(BLM), which is used to treat various malignancies. How-
ever, a limitation of BLM use clinically is pulmonary
toxicity [3]. BLM causes its toxic effect on cells by bind-
ing with oxygen and divalent metals to produce reactive
oxygen species, resulting in damage to the lung paren-
chyma [3]. Administration of BLM intratracheally in
experimental models results in an initial site of injury
in the airway epithelium [4], while systemic administra-
tion causes more endothelial injury. The histopathologi-
cal features of ALI in patients and animal models indicate
that inflammatory cells infiltrate into the lungs, causing
damage to the alveolar-capillary barrier due to the death
of the alveolar epithelial type I/II and endothelial cells,
which eventually causes impaired gas exchange, hypox-
emia, and the development of acute respiratory distress
syndrome (ARDS) [1, 2]. Finally, patients with unresolved
ARDS may progress to a fibrotic phase of the disease
[5], while BLM administration in mice also evolves from
acute lung injury to lung fibrosis [6]. Thus, BLM-induced
experimental lung injury, including the more acute injury
response, has relevance for investigation.

Transplantation of stem cells has been applied to treat
ALI in humans and various animal models [7-11]. The
targeted goals of stem cell therapy in ALI include regu-
lating the inflammatory response, reducing injury, and
repairing damaged tissue. Mesenchymal stem/stromal
cells (MSCs) have been demonstrated to reduce the
inflammatory response in experimental ALI [12], and to
be safe when administered to patients with ARDS [11].
Experimental observations of endothelial progenitor cells
[13], embryonic stem cells (ESCs) and induced pluri-
potent stem cells (iPSCs) in the treatment of ALI have
been shown to regenerate epithelial cells in ALI as well
[9, 10]. However, there are still challenges in the applica-
tion of stem cells, especially regarding resources, ethical
concerns, potential of tumorigenesis, and rejection of the
allograft cells.

The placenta is readily available at the time of birth,
thus there are no ethical concerns. The placenta con-
tains a variety of stem cells [14—17] that can be easily
obtained and banked. One subpopulation of placenta-
derived cells, trophoblast stem cells (TSCs) are a unique
population of stem cells that originate from the fetal por-
tion of the placenta and have been shown to differentiate
into other types of trophoblast cells [18], as well as the
three germ layers of the fetus [19]. In addition, these cells
have no expression of classical major histocompatibility
complexes (HMC) class I and class II [19], decreasing
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the concern of transplant rejection of allogeneic cells.
Interestingly, TSCs have been reported to be less risk in
tumorigenesis compared with ESCs and iPSCs [20]. Thus,
TSCs are drawing attention as a promising therapeutic
strategy for allogeneic stem cell transplantation. To our
knowledge, no investigation of administering TSCs dur-
ing experimental ALI has been reported. The present
study focuses on intratracheal delivery of TSCs, derived
from near term placentas (embryonic day 18.5), in BLM-
induced ALI. The effect of TSCs in ALI was assessed
for tissue inflammation, alveolar cell injury/death, and
engraftment of TSCs during the acute phase of BLM
exposure. We demonstrate for the first time that TSCs
play an important role in mediating tissue inflammation,
preventing lung injury, and engrafting and differentiating
into alveolar epithelial cells in this experimental model of
ALI in mice.

Materials and methods

BLM-induced ALl in mice

Male, 8—10 week-old C57BL/6 mice (n=51) were ran-
domly divided into two groups. Intratracheal delivery of
PBS (sham, n=11) or BLM (ALI, n=40) was performed
as previously described [10, 21]. Briefly, 100 puL of PBS
or BLM (Bleomycin Sulfate, Cayman Chemical) diluted
in 100 pL PBS at a concentration of 0.75 mg/kg was
intratracheally injected into the lungs of mice [21]. The
use of mice and the studies performed were carried out
in accordance with the Public Health Service policy on
the humane care and use of laboratory animals, and the
protocol was approved by the Institutional Animal Care
and Use Committee of Brigham and Women’s Hospital.

Cell preparation and delivery into mice
TSCs were harvested as previously described [19]. Briefly,
placentas were collected at embryonic day (E) 18.5 from
pregnancies of wild-type C57BL/6 mice and dissociated
in an enzyme buffer. The cells were cultured in DMEM/
F12 (Lonza) supplemented with 20% fetal bovine serum
(FBS, GE Healthcare), 100 mM nonessential amino
acids (Cellgro), 55 mM beta-mercaptoethanol (Gibco),
1 mM sodium pyruvate (Cellgro), 10 ng/mL leukemia
inhibitory factor (Millipore), 20 ng/mL murine basic
fibroblast growth factor (PeproTech), and 1% penicillin/
streptomycin/L-glutamine (Corning). CD117" TSCs were
isolated using anti-mouse CD117 MicroBeads (Miltenyi
Biotec). The clonal CD117" TSCs were obtained from a
limiting dilution culture and then harvested using clon-
ing cylinders and expanded in culture for all experiments.
Fibroblasts (FBs) were harvested as previously
described [22]. Briefly, the lungs were harvested from
wild-type C57/BL6 mice, minced and incubated in 0.1%
collagenase I and 0.25% collagenase II. The cells were
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subsequently isolated by lineage negative/Scal-depleted
beads to exclude contamination of fibroblasts with lung
MSCs (Miltenyi Biotec, Auburn, CA). Passage 3 FBs
were used for experiments. FBs were characterized by
the expression of some mesenchymal markers, such as
CD140b, CD105, CD44, and CD29. However, they did
not express CD73, and there was no evidence for expres-
sion of CD45, a marker of the leukocyte lineage of hemat-
opoietic cells.

Also, the cells harvested from the lungs TSCs and FBs
were pre-labeled with PKH67 (Sigma), as previously
described [19]. At day 3 after exposure to BLM, ALI
mice were divided into three groups, receiving intratra-
cheal administration of 100 uL PBS, FBs (0.5 x 10° cells
in 100 pL PBS), or TSCs 0.5 x 10° cells in 100 uL PBS).
Sham mice received 100uL of PBS intratracheally.

Evaluation of bronchoalveolar lavage fluid (BALF)

A total of 600 to 800uL of BALF was collected as previ-
ously described [10, 21] for cell counts, and differential
analysis of neutrophils and macrophages.

Undiluted samples (20 mL) were used for analysis by
Luminex FlexMap 3D assay system per manufacturer’s
instructions [23]. The levels of interleukin (IL) 6, mono-
cyte chemoattractant protein (MCP) 1, and keratino-
cytes-derived chemokine (KC) were determined by
standard curve analysis.

Immunohistochemistry staining

The left lungs of mice were harvested on days 7 and 14
after BLM exposure. Tissue was fixed with 10% formal-
dehyde as previously described [19]. MLE-12 cells were
fixed with 4% paraformaldehyde, and permeabilized with
0.2% Triton X-100. Samples were incubated with pri-
mary antibody: Aquaporin 5 (AQP5, EMD Milipore) or
Prosurfactant Protein C (SPC, Abcam), at 4 °C overnight,
following by second antibodies conjugated with fluores-
cence, at 37 °C for 1 h and nuclei staining with 4/,6-diami-
dino-2-phenylindole (DAPI) at 37 °C for 10 min. Staining
of the lungs was also performed for Hematoxylin and
Eosin (H&E), and CD45 (BD Biosciences). The lung sec-
tions were next stained to assess apoptosis with terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL), as descripted previously [24].

Injury and inflammatory mediators of MLE-12 cells
exposed to BLM in vitro

MLE-12 (ATCC) were seeded at 1 x 10° cells per 60-mm
dish [24] and cultured in medium supplemented with 2%
FBS, 0.005 mg/mL insulin (Sigma), 0.01 mg/mL Trans-
ferrin (Sigma), 30 nM Sodium selenite (Sigma), 10 nM
Hydrocortisone (Sigma), 10 nM Beta-estradiol (Sigma),
10 mM HEPES (FisherBiotech), overnight. The cells were
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treated with PBS or BLM (50 pg/mL) for 24 h and then
co-cultured with or without TSCs for 16 h. The cells were
collected for staining using the FITC Annexin V Apopto-
sis Detection kit (BD Pharmingen), following the manu-
facturer’s protocol, and then flow cytometry assessment.
To assess the regulation of inflammatory mediators by
exposure of lung epithelial cells to BLM-injury, MLE-12
cells were treated with PBS, BLM (50 pg/mL) or BLM
plus TSCs conditioned medium (TSC-CM) for 24 h, and
then the cells were harvested for total RNA extraction.
qRT-PCR was performed for inflammatory assessment.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from the right two lobes of the
lungs using Trizol reagent (Invitrogen) or MLE-12 cells.
SuperScript III First-Strand Synthesis System was used
for generation of cDNA, and qRT-PC was performed
using the Syber Green kit (Bio-Rad). IL-6: 5'-CAAAGC
CAGAGTCCTTCAGAG-3, 5-GTCCTTAGCCACTCC
TTC-3/; MCP-1: 5-GCTCTCCAGCCTACTCATTG-3/,
5-GTCCCTGTCATGCTTCTGG-3; KC: 5-CAGACG
GTGCCATCAGAG-3/, 5'-AACCGAAGTCATAGCCAC
AC-3. AQP5: 5-CTCCCCAGCCTTATCCATTG-3/,
5'-CCAGAAGACCCAGTGAGAGG-3’; SPC: 5'-CAA
ACGCCTTCTCATCGTGGTTGT-3, 5-TTTCTGAGT
TTCCGGTGCTCCGAT-3'.

Flow cytometry analysis for TSC engraftment

Two lobes of the right lung were digested using colla-
genases, as previously described [19]. An unstained cell
suspension was used for an assessment of percentage of
green cells in the lung. The remaining cells were fixed,
permeabilized, blocked, and then incubated with primary
antibodies AQP5 (EMD Millipore) and SPC (Abcam) at
4 °C for 30 min in darkness, and then the secondary anti-
body, at the same concentration as the primary antibod-
ies, conjugated with fluorescence for 30 min on ice. The
cells were then assessed using BD FACS Canto II and the
data was analyzed using Flow]Jo software.

Statistics

One-way analysis of variance was performed when
more than two groups were analyzed. For comparisons
between two groups, we used Student’s unpaired ¢ test.
Statistical significance was accepted at P<0.05.

Results

Transplantation of TSCs attenuates inflammation in ALI
Intratracheal BLM in mice causes ALI within the first
7 days of exposure [25, 26]. We hypothesized that trans-
plantation of TSCs would have a benefit to decrease the
injurious effect of BLM. To address this, the lungs were
harvested for histology and BALF at day 7 after exposure
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to BLM. H&E staining was performed on the lung sec-
tions for assessment of lung injury. The lungs of mice
exposed to BLM and then receiving PBS or FBs showed
more inflammatory cell infiltration and more alveolar
thickening, compared with sham mice receiving PBS.
In contrast, the lungs of ALI mice that received TSCs
revealed much less cellularity compared with mice receiv-
ing PBS or FBs, and the alveolar appearance was similar
to sham mice (Fig. la—d). Additionally, immunostaining
for CD45, a marker of inflammatory cells, confirmed that
intratracheal exposure to BLM resulted in an increase in
CD45 positive cells infiltrating into the lungs, compared
with sham, while there were significantly less CD45 posi-
tive cells in the lungs of ALI mice that received TSCs
compared with ALI mice receiving PBS or FBs (Fig. le—i).

We next examined total white cell counts and types of
innate immune cells in BALF. BLM exposure increased
the total cell counts in BALF from ALI mice receiving
PBS or FBs compared with the sham. Intratracheal trans-
plantation of TSCs significantly decreased the total cell
counts in BALF, compared with ALI mice that received
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PBS or FBs (Fig. 1j). Infiltration of neutrophils and mac-
rophages into the acutely injured lungs of mice after
intratracheal exposure to BLM is well-described [27,
28]. Thus, BAL cells were assessed using cytospins and
Wright-Giemsa staining. The total macrophage counts
in BALF from ALI mice that received PBS or FBs were
significantly increased compared with sham, while ALI
mice that received TSCs had a decrease in macrophage
counts compared with ALI mice receiving PBS or FBs
(Fig. 1k). The total neutrophil counts in BALF from ALI
mice treated with TSCs were comparable to sham, and
significantly less than that of ALI mice that received
FBs (Fig. 1l). Taken together, these data demonstrate
that intratracheal transplantation of TSCs reduced the
inflammatory response, including the reduction in neu-
trophils and macrophages infiltrating into the acutely
injured lungs of mice exposed to BLM.
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Transplantation of TSCs attenuates pro-inflammatory
cytokines/chemokines in ALI

In response to BLM-induced ALI neutrophils, mac-
rophages, alveolar epithelial cells and endothelial cells
secrete pro-inflammatory cytokines and chemokines [29,
30]. Thus, we additionally investigated whether TSCs
mediated the inflammatory response to ALI induced
by BLM exposure. Total RNA was isolated from lungs
and qRT-PCR was performed for IL-6, MCP-1 and KC.
IL-6 is a marker of inflammation in the injury phase
of ALI [31, 32]. Intratracheal exposure to BLM sig-
nificantly increased IL-6 expression in the lungs of ALI
mice receiving PBS and FBs compared with sham lungs.
Interestingly, the level of IL-6 expression was decreased
in the lungs of ALI mice receiving TSCs, compared with
ALI mice receiving FBs (Fig. 2a). MCP-1, one of the key
chemokines that regulate migration and infiltration of
monocytes/macrophages [30] was increased in ALIL
while administration of TSCs significantly decreased
MCP-1 expression compared with lungs of ALI mice
that received PBS or FBs (Fig. 2b). KC, a factor contrib-
uting to neutrophil recruitment to the lungs [29], also
was increased in the lungs of mice exposed to BLM, and
treatment with TSCs after ALI resulted in a decreased
level of KC compared with lungs of mice receiving FBs
(Fig. 2c). Furthermore, BALF was collected from sham
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and ALI mice, and assessed by Luminex assay. BALF IL-6
was increased in mice exposed to BLM that received PBS
or FBs, compared to sham. Intratracheal transplanta-
tion of TSCs reduced the level of BALF IL-6 compared
with mice that received FB after ALI, and a trend for a
decrease compared with the PBS group (Fig. 2d). MCP-1
in BALF was also increased in ALI mice receiving PBS
and FBs, compared to sham. The intratracheal trans-
plantation of TSCs had a trend for a decrease the level
of BALF MCP-1, compared with mice that received PBS
and FBs after BLM (Fig. 2e). In addition, KC in BALF was
elevated in ALI mice receiving PBS and FBs, compared
to sham. There was a trend for a decrease in KC in the
BALF of ALI mice receiving TSCs compared with mice
that received PBS and FBs after BLM, and the level of KC
was not significantly different from sham after adminis-
tration of TSC (Fig. 2f). The levels of IL-1a, IL-23, mac-
rophage inflammatory protein (MIP) y, FMS-like tyrosine
kinase 3 (FLT3) and granulocyte colony stimulating fac-
tor (G-CSF) were found to be increased in BALF of ALI
mice receiving PBS or/and FBs, while intratracheal trans-
plantation of TSCs reduced the level of IL-1a and FLT3,
but not others. The level of IL-10, IL-12p40, MIP1a,
MIP1pB, MIP2, interferon (IFN) y and tumor necrosis fac-
tor (TNF) o was not significantly different between the
groups (Additional File 1).
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Luminex for d IL-6, @ MCP-1 and f KC in BALF was performed, and the data are presented as mean = SEM. One-way analysis of variance was
performed. P <0.05 versus ALl 4 PBS group, $P<0.05 versus ALI+FB group, n=4-5 for each group
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To investigate the effect of TSCs on inflammatory
mediators produced by lung epithelial cells after BLM-
induced injury, independent of immune cells, MLE-12
cells were exposed to BLM and treated with PBS or TSC
conditioned medium (CM) for 24 h in vitro. qRT-PCR
assay demonstrated that BLM induced an increase of
IL-6, MCP1 and KC expression in MLE-12 cells; however,
TSC-CM treatment did not diminish the elevated levels
of IL-6, MPC1 and KC induced by BLM, compared to
control MLE-12 cells (Additional File 2).

TSCs protect lung epithelial cells from apoptosis

after exposure to BLM in vivo and vitro

The death of alveolar epithelial cells has been observed
in ALI induced by BLM [24, 33]. To assess the role of
TSCs in protection of the alveolar epithelial cells from
apoptosis during ALI induced by BLM, we stained the
lungs for cell death, using TUNEL. Apoptotic cells were
frequently observed in the lungs at 7 days after intratra-
cheal exposure to BLM in mice that received PBS or FBs,
and rarely seen in the lungs of sham mice receiving PBS.
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Transplantation of TSCs into the lungs of mice after
exposure to BLM showed a significant decrease in apop-
totic cells compared with ALI mice receiving PBS and
FBs (Fig. 3a—e). These data demonstrate that TSCs play a
role in protecting the lungs from cell death due to BLM.
To demonstrate that lung alveolar epithelial cells account
for much of this apoptotic response, lung tissues were co-
stained for TUNEL along with AQP5 or SPC. We found
that most of the TUNEL positive cells stained positive for
AQPS5 (Fig. 3f-h), or for SPC (Fig. 3i-k).

The previous data (Figs. 1 and 2) demonstrated that
intratracheal transplantation of TSCs reduced inflam-
matory cell infiltrates and the level of pro-inflammatory
cytokines, which may contribute to a decrease in paren-
chymal lung cell death. To understand whether TSCs
may have a direct role in protecting alveolar epithelial
cells, independent of immune cells and cytokines, we
performed apoptosis assays in vitro. MLE-12 cells were
treated with PBS or BLM for 24 h and were then co-cul-
tured with PBS or TSCs for 16 h. Cells were harvested
and stained for Sca-1, which is present in 99% of TSCs
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Fig. 3 Administration of TSCs protects from apoptosis in ALl The lungs from sham mice (a, sham + PBS) and ALI mice that received PBS (b,

ALI+4PBS), FBs (¢, ALI+FB) or TSCs (d, ALI+TSC) were harvested at day 7. a-d Representative images of immunofluorescence staining for TUNEL
(green) and DAPI (blue). e Quantitation of TUNEL staining, and the data are presented as mean £ SEM. One-way analysis of variance was performed,
from lungs of sham 4+ PBS (n=3); ALI4+PBS (n=5), ALI4+FB (n=6), and ALI+TSC (n=5). *P<0.0001 versus sham + PBS group, &p <0.0001 versus
ALI+PBS group, *P<0.001 versus ALI+FB group. f-h Representative images of immunofluorescence co-staining for TUNEL (green) and AQP5

(red, f-h) or SPC (red, i-k), and the lung sections were counterstained with DAPI (blue), on the lung sections from ALI+ PBS group. The higher
magnification image g and h from the white boxes in f, j and k from the white boxes in i. Scale bars represent 50 um
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¢ Quantitation of flow cytometry assay, and the data are presented as mean £ SEM. One-way analysis of variance was performed. *P<0.0001 versus

MLE12 group. 4P <0.001 versus MLE12 +BLM group. n =6 for each group
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Fig. 5 TSCs engraftin the lung injured by BLM. The lungs were harvested at day 7 after BLM exposure. a-f Representative images of the lung, from
sham mice (sham + PBS, a and b), ALI mice that received FBs (ALI+FB, c and d) and TSCs (ALI+TSC, e and f). Images showing cells in FITC channel
(a, cand e), and merged with nuclear staining for DAPI (blue, b, d and f). White arrowheads point to green cells. g Representative scatter plots of
flow cytometry showing the gating strategy: FITC negative (left) and PKH67 positive (right). h FITCT cells from the lungs of ALI mice that received
Bar graph represents quantitation of % green cells in the total lung suspension, and the data is
presented as mean £ SEM. Student’s unpaired t test was performed. *P < 0.05, versus ALI 4 FB group. n=6 for ALI+FB and n=5 for ALI+TSC
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[19] and not expressed in MLE-12 cells, to exclude TSCs
in the flow cytometry analysis for apoptosis. MLE-12
cells were gated to assay for apoptotic cells (Fig. 4a). BLM
exposure significantly increased the apoptosis of MLE-
12 cells to 29.77 +2.32%, compared with 11.85+1.28%
at baseline, while BLM-injured MLE-12 cells co-cultured
with TSCs, demonstrated a significant decrease in apop-
totic cell counts to 17.06 +1.56% (Fig. 4b, c). These data
suggest TSCs directly protect lung epithelial cells from
death induced by BLM.

The damage of lung epithelial cells and the infiltra-
tion of inflammatory cells into the lung subsequently
result in pulmonary fibrosis, which begins to appear by
14 days after exposure to BLM [21]. Therefore, we further
evaluated the effect of TSCs on lung fibrosis at 14 days
after exposure to BLM. Masson’s Trichrome staining of
the ALI lungs that received TSCs revealed significantly
decreased lung fibrosis than that of the ALI lungs that
received PBS or FBs, and comparable to sham group
(Additional File 3).
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Transplanted TSCs engraft and differentiate into alveolar
epithelial cells during ALl in vivo

Beyond mediating the inflammatory and injury response
associated with ALI due to BLM, we next wanted to
understand whether TSCs are capable of reparation of
the lung epithelia by engrafting and differentiating dur-
ing ALI. We first investigated in vitro the property of
self-renewal and differentiation of TSCs into lung alveo-
lar epithelial cells. TSCs formed clones from single cells
(Additional File 4a) and the majority of clonal cells con-
tinued to express CD117 (Additional File 4b), demon-
strating that the TSCs possess the stem cell properties
of clonogenesis and self-renewal. TSCs were next cul-
tured in differentiation medium on an air-liquid inter-
phase and expressed AQP5 (Additional File 4c, d) or SPC
(Additional File 4e, f). Total RNA was isolated from these
cells and qRT-PCR revealed ~fourfold and ~ fivefold
greater mRNA levels of AQP5 and SPC, respectively, in
the differentiated versus the undifferentiated cells (Addi-
tional File 4 g, h). These data demonstrate that TSCs pos-
sess the ability to differentiate into lung alveolar epithelial
type I and II cells in vitro.

To investigate this further in vivo, we traced trans-
planted TSCs or FBs, which were pre-labeled with
PKH67 fluorescence dye (green). Before transplantation
of the cells, we investigated whether these dyes could
leak out of one cell and be taken up by a neighboring
cell. We co-cultured TSCs and MLE-12 cells, pre-labeled
with PKH67 (green) and PKH26 (red), respectively, for
3 days. Imaging of the cells demonstrated no overlap of
and green and red fluorescent dyes (Additional File 5),
suggesting no transfer of dyes between cells. Next, mice
received PBS (sham) or BLM (ALI) intratracheally. At
day 3 after exposure to BLM, pre-labeled TSCs or FBs
(green), were intratracheally administrated to ALI mice.
The mice were sacrificed, and the lungs were harvested
at day 7 after exposure to BLM, for histologic assess-
ment. Mouse lungs were sectioned (5 um) and images
were taken by fluorescent microscopy. No FITC positive
cells were observed in sham mice receiving PBS (Fig. 5a,
b), and few cells were present in the lungs of ALI mice
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receiving FBs (Fig. 5c, d). However, FITC positive cells
were observed in the distal lung of mice receiving BLM
and subsequently transplanted with TSCs (Fig. 5e, f).
Single cell suspensions of lung tissue were also harvested
to quantify exogenous pre-labeled FBs and TSCs by flow
cytometry. 1.54+£0.9% of total lung cells were found to
be exogenous TSCs (green cells) in the lungs of ALI mice
(day 4 after TSC administration), which was significantly
greater compared with that of ALI mice that received FBs
with 0.43 £0.2% green cells (Fig. 5g—1i).

To further understand the fate of transplanted TSCs
in vivo, the lung sections were stained for AQP5 and
SPC. Images showed that a population green fluores-
cent cells expressed either AQP5 (white arrowheads,
Fig. 6a—c) or SPC (white arrowheads, Fig. 6d—f), while
others remained positive for green fluorescent dye and
did not express AQP5 or SPC (white arrows, Fig. 6a—f).
For further quantitation of the subpopulations of exog-
enous green cells, the single cell suspensions from the
lungs were stained for AQP5 or SPC and then run for
flow cytometry. In the total population of green cells,
21.38£3.9% and 26.321+9.9% of cells expressed AQP5
and SPC, respectively (Fig. 6g—i). These data revealed
that TSCs were able to engraft and differentiate into alve-
olar epithelial cells during ALL

Discussion

The use of stem cells as a potential treatment strategy
for ALI is an evolving field of investigation. MSCs from
various sources and placental amnion epithelial cells have
been shown to have therapeutic potential in rodent lung
injury models, although there is little evidence of these
exogenous stem cells populating the lung alveolar epithe-
lium in vivo [7, 34—36]. Allogeneic MSCs are presently
being used in numerous clinical trials, and while there
is evidence that these cells may be immune evasive, they
are not entirely immune privileged, which may limit their
persistence or ability to engraft in vivo [37]. An ongoing
challenge to improve the utility of MSCs therapeutically
is that they are inherently a heterogeneous population

(See figure on next page.)

Fig. 6 TSCs differentiate into alveolar epithelial cells in the lung injured by BLM. The lungs were harvested at day 7 after BLM exposure. a—f
Representative images of the lung receiving TSC pre-labeled with PKH67 (green, a and d), and immunofluorescence staining for AQP5 and SPC
(red, b and e), and merged images with nuclear staining for DAPI (blue, ¢ and ). White arrowheads point to green*tAQP5* and green*SPC™ cells
(a—c and d-f, respectively). White arrows point to greentAQP5 and green™SPC cells (a-c and d-f, respectively). Scale bar represents 25 um. g
Representative scatter plots of flow cytometry showing the gating strategy, FITC™ control from TSCs stained with PKH67 (first panel), FITCT TSCs
gated from unstained cells of the lung that received PKH67-pre-labeled TSCs (second panel), APC* gated from the population of FITC* cells in
the second panel (third panel), and isotype control from the normal lung stained with FITC- and APC-isotypes (fourth panel). h Representative
scatter plots of flow cytometry showing that the cells from BLM injured lungs receiving pre-labeled TSCs (FITC) were stained for AQP5 or SPC (APC).
The percentage of FITCT cells in the total lung cell population is shown in the gates (G+, the first and third panels), in which these cells gated for
a percentage of FITCTAQP5™ and FITCTSPC™ in total FITCT cells (second and fourth panels, respectively). i The pie graph shows quantitation of
FITCTAQP5™ and FITCTSPC™ in the total FITC* cells. n=5 for each group
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of cells whose characteristic may vary depending on
the donor, tissue of origin, and cell preparations [38]. In
present study, we isolated TSCs using CD117, a surface

marker of stem cells that is expressed in both mice and
humans. We previously further characterized the TSCs
and demonstrated that these cells were negative for both
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markers of MSCs and hematopoietic stem cells [19].
Using this approach, a CD117" subpopulation of tropho-
blast cells allows a more homogeneous collection of cells
to be isolated. In addition, CD117" TSCs lack expression
of both MHC class I and II proteins [19], which is con-
sistent with the cells being immune privileged, and thus
less of a concern for transplant rejection of allogeneic
TSCs.

The mechanism of BLM-induced ALI is not fully
understood, but numerous studies have shown that the
exposure of lungs to BLM may directly trigger a series of
oxidative reactions leading to cell death [27, 28]. Alveo-
lar epithelial cell injury and death are further aggravated
by the infiltration of inflammatory cells into the lung
[27-29, 39]. As a treatment for ALI it is important to
reduce the infiltration of inflammatory and protect alveo-
lar epithelial cells from death. In the present study, mice
receiving TSCs intratracheally demonstrated a significant
decrease in CD45™ cells in the lung, and a reduction in
total cell count, macrophages and neutrophils in BALFE.
Pro-inflammatory cytokines are released from various
cells, such as the epithelial and endothelial cells, as well
as macrophages and neutrophils [29-32]. IL-6 is consid-
ered to be an important pro-inflammatory cytokine and
a biomarker of poor outcome in ALI [31, 32]. MCP-1 is
one of the key chemokines that regulates migration and
infiltration of monocytes/macrophages [30], and KC is
one of the major chemokines contributing to neutrophil
recruitment to the lung [29]. Our data demonstrated
a decrease in the expression of IL-6, MCP-1 and KC in
the lungs, and reduced levels of these mediators (particu-
larly IL-6) in BALF from ALI mice that received TSCs.
Screening for a panel of inflammatory mediators in BALF
also demonstrated a decrease in IL-1a and FLT3, known
mediators of the pathobiology of ALI [40-42], after TSC
administration. This study demonstrates for the first time
that TSCs are capable of decreasing the expression and
production of inflammatory chemokines and cytokines
in BLM-induced ALIJ resulting in a reduced infiltration
of macrophages and neutrophils into the lungs. These
data support TSCs anti-inflammatory properties in vivo.
Interestingly, TSCs demonstrated no effects on the levels
of IL-6, MCP1 and KC in MLE-12 cells exposed to BLM
in vitro, suggesting that the decrease of these mediators
in the lungs of ALI mice by TSCs was likely related to a
decrease in immune cells infiltrating into the lungs and
not BLM-induced production in lung epithelial cells.
Although the TSC-derived factors promoting this anti-
inflammatory response are still under further investi-
gation, it is known that trophoblast cells derived from
TSCs have been shown to produce vasoactive intesti-
nal peptide, which modifies monocyte and macrophage
phenotypes favoring a predominantly anti-inflammatory
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and M2-like alternatively activated profile during normal
pregnancies [43]. Further investigation of macrophage
polarization by TSCs in BLM-injured lung will be a wor-
thy area for future study.

Intratracheal transplantation of TSCs into mice with
BLM-induced ALI reduced the death of parenchymal
lung cells, compared with mice exposed to BLM receiving
PBS or FBs. This likely occurred in part by decreasing the
inflammatory response in the lungs, by reduced infiltra-
tion of macrophages and neutrophils into the lungs, and
the decreased production of cytokines and chemokines.
However, beyond the inflammatory response leading
to lung injury, our in vitro studies with MLE-12 cells
exposed to BLM suggest that TSCs may also play a direct
role in protecting the alveolar epithelial cells from injury
and cell death.

Studies have reported the ability of murine ESCs and
iPSCs to engraft and differentiate into alveolar epithe-
lial cells in vitro and in vivo [9-11]. However, immuno-
genicity, tumorigenesis and ethical issues of these cells
represent barriers to their clinical application. The cur-
rent study demonstrates, beyond the impact of TSCs on
inflammation and death of lung alveolar epithelial cells,
CD117" TSCs were able to differentiate into alveolar epi-
thelial cells in vitro and in vivo [19]. At 3 days after expo-
sure to BLM, TSCs were intratracheally transplanted into
mice, and assessment of lung engraftment was performed
4 days later. Approximately 1.5% of lung cells were
derived from exogenous TSCs. Some of these exogenous
cells stained positive for either AQP5 or SPC, markers
of alveolar epithelial type I or type II cells, respectively.
In the population of exogenously labeled TSCs that
engrafted, 21% expressed AQP5 and 26% expressed SPC.
These results suggest that TSCs were able to survive after
intratracheal transplantation into the injured lungs, and
nearly half of the surviving cells differentiated into alveo-
lar epithelial type I and II cells. Whether the engraftment
of TSCs in the lungs after BLM exposure contributed to
the reduction of injury requires further investigation,
however this study demonstrates that TSCs have the
potential to engraft during ALL To our knowledge, no
investigation of administering TSCs from term placentas
during experimental ALI has been reported. Transplan-
tation of TSCs into the hearts of mice after myocardial
infarction has been showed an improvement cardiac
function, comparable to that of administering MSCs, but
only the TSCs exhibited the potential to differentiate into
cardiomyocytes in vivo [20]. However, these TSCs were
harvested at the early stage of pregnancy from the tro-
phectoderm of blastocysts, which raises an ethical con-
cern and limited resources compared to our harvest of
TSCs from the term placenta.
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The present study provides novel insight into the ther-
apeutic use of TSCs in an experimental model of acute
lung injury, utilizing exposure to a drug known to have
lung toxicity. These studies are limited to animal models
of disease, however the knowledge gained in preclinical
models of disease may allow future studies in humans. An
advantage of using CD117 to isolate TSCs is that CD117
is a marker expressed on the surface of both mouse and
human cells [19], thus providing feasibility for transla-
tion to humans. In addition, exposure to BLM is just one
model of ALI that also leads to lung fibrosis. While our
studies using TSCs demonstrate a decrease in ALI, future
studies will need to be performed to further understand
the effect of TSCs on the later consequences of BLM to
promote lung fibrosis. It will also be important to study
other experimental models of acute lung injury, includ-
ing models involving pathogens or products of bacteria
such as lipopolysaccharide. Clearly, the pathophysiologic
consequences and therapeutic approach to a toxic chemi-
cal or drug exposure may be different than resolving an
infectious insult.

Conclusions

Taken together, our data provide preclinical evidence
that TSCs may have future clinical application in ALI
by decreasing the inflammatory response, reducing the
death of lung alveolar epithelial cells, and engrafting
with the potential for differentiation and replacement of
injured cells in the lung.
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Additional file 1. Administration of TSCs alters the cytokine profile of
BALF in ALL BALF, from sham mice (white bars, sham+PBS), ALl mice that
received PBS (black bars, ALI+PBS), FBs (light grey bars, ALI+FB) or TSCs
(dark grey bars, ALI4+TSC), were harvested at day 7. Undiluted sample

of 20 uL was used for analysis by Luminex FlexMap 3D assay system per
manufacturer’s instructions. Quantification was performed for a) IL-1q, b)
IL-10, ) IL-12p40, d) IL-23, €) MIP1a, f) MIP1, @) MIPy, h) MIP2, i) IFNY, })
TNFa, k) FLT3 and I) GCSF. The data are presented as mean+SEM. One-way
analysis of variance was performed. *P<0.05 versus sham group, &P<0.05
versus ALI4PBS group, n = 4-5 for each group.
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Additional file 2. TSCs-CM does not alter inflammatory mediators in
MLE-12 cells exposed to BLM in vitro. MLE-12 cells were treated with PBS
(MLE12), or 50ng/mL BLM with or without TSC conditioned medium
(MLE124BLM or MLE124-BLM+CM, respectively) for 24 hours. Total RNA
was extracted and gRT-PCR was performed. Quantitation of gRT-PCR

of IL-6 (a), MCP-1 (b) and KC (c) in MLE-12 cells received with PBS only
(white bars), BLM (black bars) or BLM and TSC-CM (gray bars). The data are
presented as mean=+SEM. One-way analysis of variance was performed.
*P<0.05 versus MLE12 group, n = 5-8 for each group.

Additional file 3. TSCs attenuate BLM-induced lung fibrosis. The lungs
were harvested at day 14 after BLM exposure. a~d) Representative image
of Masson's trichrome blue staining for the lung. Scale bar represents
50um. e) Quantitation of Masson’s trichrome blue staining of the lung.
Following Masson'’s trichrome staining, tissues were scanned using V5120
slides scanner, at the fully automated mode and 10x objective (39).
Images were uploaded in ImgaeJ software. The collagen deposition was
expressed as a percentage of collagen in total tissue area, and presented
as mean=+SEM. One-way analysis of variance was performed. *P<0.005
versus sham group. &P<0.05 versus ALI4+-PBS group, n = 3~4 mice for
each group.

Additional file 4. TSC possess the capability of clone formation and
differentiation of into alveolar epithelial cells in vitro. TSCs were cultured
ina 100-mm dish at limited dilution of one cell every 60mm?2 for 14 days.
Representative phase contrast images of an entire clone (a), and a clone
immunofluorescence stained for CD117 (green) and DAPI (blue, b). TSCs
were seeded on the apical side of a clear12-transwell plate and exposed
to differentiation medium of 2% FBS DMEM/F12 supplied with 0.005mg/
mL insulin, 0.01mg/mL Tranferrin, 30nM Sodium selenite, 10nM Hydrocor-
tisone, 10nM Beta-estradiol, 10nM HEPES, 2mM L-glutamine and 50ng/mL
EGF for 6 days, following air-liquid interface for an additional 11-12 days.
Representative images of these differentiated cells immuno-fluorescence
stained for AQP5 (red, c and d), SPC (red, e and f). Scale bars represent
1000um for a and b, 50um for c~f. Bar graphs showing quantitation of
gRT-PCR for AQP5 (g) and SPC (h) in fold change comparing differentiated
(Diff, black bars) to undifferentiated cells (Undiff, white bars). The data

are presented as mean=SEM, and analysis was performed by Student's
unpaired t test. *versus undifferentiated group, P<0.001 for AQP5, P<0.05
for SPC, n=5 for each group.

Additional file 5. Assessment of PKH67 dye leakage into surrounding
cells in vitro. TSCs and MLE-12 cells were pre-labeled with PKH67 (green)
and PKH26 (red), respectively. TSCs were mixed with MLE-12 cells at a ratio
of 1:10 and co-cultured for 3 days. Cells were harvested and a cytospin
performed to concentrate the cells. Representative image showing a)
mixture unlabeled MLE-12 cells and TSCs staining for DAPI (blue); b) TSCs
pre-labeled with PKH67; ¢) MLE-12 cells pre-labeled with PKH26; d~f)
co-cultured pre-labeled TSCs and MLE-12 cells in FITC channel (d), in red
channel (e) and merged image of green, red and blue (DAPI, f). White
arrowheads point to the green TSCs and arrows point to the red MLE-12

cells. Scale bar represents 50pum.
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